, Exogenous ascorbic acid enhances vitrification survival of porcine in vitrodeveloped blastocysts but fails to improve the in vitro embryo production outcomes, Theriogenology, 113, 113-119. https://doi.org/10.1016/j.theriogenology. 2018.02.014 Original publication available at: https://doi.org/10.1016/j.theriogenology.2018.02.014 In this study, the effects of addition of the antioxidant ascorbic acid (AsA) were 2 evaluated during porcine in vitro embryo production (IVP) and vitrification. In 3 experiment 1, the effects of AsA supplementation during IVM, IVF and IVC were 4 evaluated, using a total of 2,744 oocytes in six replicates. The IVM, IVF and embryo 5 IVC media were supplemented or not (control) with 50 μg/mL AsA in all possible 6 combinations. No significant effects of AsA were detected in any of the maturation, 7 fertilization or embryo development parameters assessed. In experiment 2, we evaluated 8 the effects of adding AsA to vitrification-warming media on the post-warming survival 9 and quality of blastocysts. Day-6 in vitro-produced blastocysts (N=588) from six 10 replicates were randomly divided in two groups, with vitrification and warming media 11 either supplemented with 50 µg/mL AsA (VW+ group) or un-supplemented (VW-12 control). Addition of AsA increased (P<0.05) blastocyst survival rate after vitrification 13 compared with that of VW-control embryos. Vitrification and warming increased 14 (P<0.05) the production of oxygen species (ROS) and reduced (P<0.05) the glutathione 15 levels in blastocysts. Although VW+ blastocysts displayed higher (P<0.05) ROS levels 16 than those of fresh control blastocysts, the levels were lower (P<0.05) than those found 17 in VW-control blastocysts. In conclusion, under the experimental conditions, 18 supplementation of IVM/IVF/IVC media with AsA did not improve the embryo 19 production in vitro. By contrast, the addition of AsA to chemically defined vitrification 20 and warming media increased the survival of in vitro-produced porcine blastocysts by 21 decreasing ROS production. 
Introduction 1
In vitro production (IVP) of porcine embryos is an important tool for agricultural, 2 biotechnological and biomedical purposes. Although substantial progress has been 3 achieved in embryo IVP systems [1, 2, 3] , the overall efficiency remains unsatisfactory 4 because of the prevailing high incidence of polyspermy during IVF [4] [5] [6] [7] , leading to lowfour-well multidish containing 500 μL of glucose-free embryo culture medium 1 (NCSU23-BSA) supplemented with 0.3-mM pyruvate and 4.5-mM lactate for 2 days 2 and then changed to fresh embryo culture medium containing 5.5-mM glucose for an 3 additional 5 day period. Embryo culture was performed under paraffin oil in an 4 incubator at 38.5 °C, 5% CO2 in air, and 95% to 97% relative humidity. 5 6
Assessment of maturation, fertilization and embryo development 7
To evaluate the maturation and fertilization, representative aliquots of oocytes and 8 presumptive zygotes were fixed at 44 h of IVM and at 18 h after IVF, respectively, in a 9 solution of acetic acid:ethanol (1:3) for 72 h at room temperature. Fixed oocytes and 10 presumptive zygotes were stained with 1% (w:v) lacmoid in 45% acetic acid and 11 examined under a phase-contrast microscope at magnification ×400. Oocytes with 12 chromatin enclosed in a nuclear membrane or those with condensed chromatin but 13 without extruded polar body were classified as immature oocytes. Oocytes were 14 considered mature when their chromosomes were organized at metaphase and they 15
showed an extruded first polar body (MII). 16 Presumptive zygotes were considered penetrated when they contained one or more 17 swollen sperm heads and/or male pronuclei and two polar bodies. Sperm penetration 18 rate was the ratio of the number of penetrated oocytes relative to the total number of 19 mature oocytes inseminated. Monospermic rate was calculated as the ratio of oocytes 20 with one female pronucleus, one male pronucleus and two polar bodies to the total 21 number of matured oocytes penetrated. The efficiency of fertilization was the ratio of 22 the number of monospermic oocytes relative to the total number of matured oocytes 23
inseminated. 24
The cleavage (ratio of the number of embryos cleaved to two to four cells of the total 1 number of oocytes inseminated) and blastocyst formation rates (ratio of the number of 2 blastocysts of the total number of cleaved embryos) were morphologically evaluated 3 using a stereomicroscope at Day 2 and Day 7 post-insemination (Day 0), respectively. 4
The total efficiency was described as the percentage of the total number of inseminated 5 oocytes that reached the blastocyst stage. Blastocysts were fixed in 4% (v:v) 6 paraformaldehyde in PBS for 30 min at room temperature (24 °C) to assess total cell 7 numbers. After fixation, embryos were washed with PBS containing 3 mg/mL BSA 8 (PBS-BSA), placed on a slide in a drop of 4 μL of VECTASHIELD (Vector Labs, 9
Burlingame, CA, USA) containing 10 μg/mL Hoechst 33342, and covered with a 10 coverslip. Stained embryos were examined with fluorescence microscopy using a 330 to 11 380-nm excitation filter. The total number of nuclei that showed blue fluorescence was 12 counted. 13 14 2.6. Vitrification and warming; assessment of survival and hatching rates 15
Vitrification was performed according to the method described previously [36, 37] . All 16 media used for vitrification and warming were held at 38.5 ºC. Briefly, groups of five to 17 six embryos were washed twice in TL-PVA and consecutively equilibrated in V1 for 3 18 min and in V2 for 1 min for vitrification. During the final equilibration, embryos were 19 placed in a 1 µL drop and loaded in the narrow end of a super open pulled straw (SOPS; 20 Minitüb, Tiefenbach, Germany) by capillary action. Subsequently, straws containing the 21 embryos were horizontally plunged into liquid nitrogen (LN2). After storage in LN2 for 22 one week, the straws were removed and warmed by the one-step warming method 23 [38, 39] . Briefly, the straws were vertically submerged in one well of a four-well 24 multidish containing 800 µL of warming medium and equilibrated for 5 min. Then,vitrified-warmed blastocysts were washed in TL-PVA and cultured in vitro to assess the 1 embryo viability. Vitrified-warmed blastocysts that reformed their blastocoelic cavities 2 after warming and displayed a normal or thinning zona pellucida with an excellent or 3 good appearance during the culture were considered viable. The survival rate was 4 defined as the ratio of viable embryos to the total number of vitrified-warmed cultured 5 blastocysts. Additionally, after warming, the hatching rate (ratio of hatching or hatched 6 embryos at the end of the culture to the total number of cultured embryos) was 7 evaluated. 8 9
Differential staining 10
The number of inner cell mass (ICM) and trophectoderm (TE) cells of the vitrified-11 warmed blastocysts was determined using an indirect immunofluorescence protocol 12
[39]. Blastocysts were fixed with paraformaldehyde as described before for total cell 13 evaluation. 
Experimental design 22
In the first experiment, the effects of AsA supplementation in IVM, IVF and IVC media 1 on maturation, fertilization and embryo development were evaluated. For the 2 evaluation, oocyte maturation, fertilization, and embryo culture were performed in the 3 presence or absence of 50 μg/mL AsA in all possible combinations, which involved a 4 total of 8 experimental groups. A total of 2,744 oocytes were used in six replicates. A 5 random subset of oocytes (N=149) and presumed zygotes (N=1,142) from each group 6 was fixed and stained at 44 h of IVM and at 18 h after IVF to evaluate the maturation 7 and fertilization parameters, respectively. The remaining presumptive zygotes 8 (N=1,602) were cultured to assess in vitro embryo development. Day 7 blastocysts were 9 fixed and stained to assess their total cell number. 10 11
Experiment 2 12
In the second experiment, the effect of adding AsA to vitrification-warming media on 13 the post-warming survival and quality of in vitro-produced porcine blastocysts was 14 evaluated. The IVP of blastocysts was performed without AsA. This experiment was 15 performed in a total of six replicates. Day-6 in IVP full-expanded blastocysts (N=588), 16 morphologically classified as excellent or good, were randomly divided into one of two 17 groups in which vitrification and warming media were supplemented with 50 µg/mL 18 Binary variables (maturation, penetration, monospermy, cleavage, blastocyst formation, 7 efficiency, survival and hatching rates) were obtained by calculating the percentage in 8 every well of each experimental group and in each of the replicates. These data are 9 expressed as the mean ± standard deviation (SD). The Kolmogorov-Smirnov test was 10 used to test for normally distributed data. Means of more than two groups were 11 compared using a mixed-model analysis of variance (ANOVA), followed by the 12
Bonferroni post hoc test. Pairwise comparisons of means were performed using 13 Student's t-test. Differences were considered significant at P<0.05. 14 IVF and IVC media also had no effect on any fertilization parameter ( Table 1) . Rate of 22 sperm penetration was close to 70% with monospermy approximately 60% in all 23 groups. The overall IVF efficiency of the IVP system ranged from 37.6±8.5% to 24 47.3±13.9% with no differences between treatment and control groups.
The embryonic development parameters are presented in Table 2 
Experiment 2 7
Effects of AsA supplementation to vitrification and warming media on blastocyst 8 survival, hatching rate and embryo quality. 9
The addition of AsA during vitrification and warming increased (P<0.05) blastocyst 10 survival rate compared with that of VW-control embryos (Table 3 ). However, the 11 blastocysts survival and hatched rates 24 h after warming were not affected by AsA 12 addition. Total cell numbers and the distribution of cells between the TP and the ICM 13 (Table 4) were also comparable between the two vitrification groups. 14 The vitrification and warming procedures increased (P<0.05) intracellular ROS and 15 decreased (P<0.05) GSH levels, compared with those of the controls (Fig. 1) 
Discussion 22
In the present study, the effects of AsA treatment were assessed during porcine IVM, 23
IVF and/or IVC on variables of maturation, fertilization and embryonic development. 24
Despite previous reports of some positive effects of exogenous antioxidants within IVP,the present study showed that the supplementation of media with AsA did not improve 1 the overall efficiency of our IVP system. However, AsA had a clear beneficial effect 2 during vitrification and warming, increasing the vitrification survival of in vitro-3 produced blastocysts. 4
In the current study, AsA supplementation to oocyte IVM medium did not significantly 5 affect the maturation or fertilization rates or the subsequent embryo development after 6 IVF. These results are consistent with previous investigations in ovine [26] , bovine [39] 7 and porcine [11] , which did not demonstrate any effect of AsA supplementation during 8 IVM on the developmental competence of porcine oocytes and embryos. Some studies 9 report positive effects of AsA during maturation using parthenogenetically activated 10
[27] or denuded oocytes [12] . Kere et al. [27] observed an increase of the cleavage rate, 11 blastocyst formation and blastocyst total cell number after parthenogenetic activation of 12 porcine oocytes matured with AsA. The effect of AsA on parthenogenetically activated 13 oocytes could be due to the higher sensitivity of these oocytes to oxidative 14 environments than those oocytes subjected to IVF [40] . Consistent with this hypothesis, 15 Tao during vitrification and warming using chemically defined media, and these results arewarming system based on supplementation with fetal serum and AsA. During 1 vitrification and warming, embryos are subjected to important disturbances in the redox 2 status due to an increase of ROS and/or a decrease in the GSH levels [30, 46, 47] . In this 3 study, vitrification and warming increased, as expected, the oxidative stress altering 4 intracellular GSH and ROS levels compared with those of fresh blastocysts. However, 5 addition of AsA mitigated this high oxidative stress by reducing intracellular ROS 6 production of blastocysts and increasing the embryo survival rate after warming. 7
Supplementation of AsA to cryopreservation media of mouse and bovine embryos had 8 also beneficial effects by reducing peroxidation and increasing cryotolerance [48, 49] . 9 These results indicate that the addition of AsA or other antioxidants during vitrification 10 and warming could be an efficient strategy to reduce the oxidative stress related to this 11 technology and therefore to improve embryo survival. 12
In conclusion, under our experimental conditions and within a highly efficient porcine 13 in vitro embryo production system, the supplementation of IVM/IVF/IVC media with 14
AsA at a concentration of 50 μg/mL failed to further increase the IVP-outcomes. By 15 contrast, the addition of AsA to chemically defined vitrification and warming media 16 Data are expressed as the mean ± SD (six replicates). 10 11
